The start of the chemical reaction between cement and water is the moment that concrete starts to develop its properties. More precisely, it is the paste that starts to generate a loadbearing microstructure that exhibits a certain number of mechanical properties. One of the properties generated during hardening is the so-called hardening shrinkage. Quite often, this property is measured from hardening concrete by linear measurements and related to the paste deformation by using mathematical models. The opposite way, by measuring the paste deformation and relate it to the deformation of concrete is another possibility that can be applied. In this paper, a new apparatus called "mini-TSTM" (Thermal Stress Testing Machine) for measuring the hardening shrinkage of paste will be presented and discussed [1] . The device has been developed to measure the hardening deformations directly from the paste. It provides more insight in the contracting forces that act on the paste located in between the aggregates. The mini-TSTM is scaled down from the "full-scale" TSTM machine which is commonly used for measuring the thermal stresses of hardening concrete elements. With the mini-TSTM, the contraction forces can be measured (load controlled) as well as the deformations (deformation controlled) which are mobilized by a paste during hardening. The mini-TSTM is a tool that fits into the moisture controlled specimen chamber of the ESEM with enables the opportunity to sample the paste deformations during hardening as well.
INTRODUCTION
One of the main issues that exhibit during concrete hardening is the so-called early age cracking. The relevance of this cracking phenomenon is still increasing due to the growing importance of the durability in concrete design. Early age cracking is induced by both temperature development due to hydration and by autogenous deformation. There are several 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada computer programs available to calculate the stresses caused by temperature development only. Autogenous deformations are not always taken into account in these programs, but in order to achieve accurate results, this should be done as well. In general, there is limited data available to verify these programs and the effect of autogenous deformation on early age cracking. Especially for blast furnace slag cement, frequently used in the Netherlands, limited data is available. In order to be able to conduct more accurate cracking predictions and to prevent degradation of a structure, more knowledge is needed about autogenous deformation.
Besides the research on autogenous deformations of concrete in general, there is the ambition to model this particular concrete behavior explicitly. If the autogenous behavior of concrete can be calculated from the autogenous behavior of its constituents (paste) directly, it relates the response of the concrete system directly to the source where the deformations originates from. In order to be able to develop a concrete model that is based on its constituents, more knowledge is needed about the material behavior of these constituents. In this research, the focus is on the shrinkage behavior of hardening concrete with emphasis on the hardening properties of the cement paste, which are considered to be most relevance in this respect. Information about the cement paste behavior can be used as input data for computer models that are able to represent concrete as a heterogeneous material [2] . During the development of these models the output has to be verified with data from actual concrete.
Autogenous deformation of concrete is the deformation that is caused by hydration reaction of cement and water. The deformation properties are largely determined by the composition of the cement and the concrete mixture. Intervention of this composition during casting has no significant effect on this type of deformation. The mix design is, therefore, a very important parameter with respect to the autogenous deformation. It determines the driving force behind the autogenous shrinkage process, which is called chemical shrinkage. This is a result of the fact that the volume of the hydration products of the reacted cement are smaller, compared to its original constituents. The fineness of the cement, together with the water-cement ratio, largely determines the rate at which the hydration reaction will proceed, and with this, it determines the magnitude of autogenous deformation as well. Especially for Blast furnace slag cements, significant differences have been observed for cement paste with different cement finenesses.
One of the objectives of this research is to determine the autogenous deformation of Blast furnace slag cement with different finenesses. Previous research has proven that the specific surface of cement is an important parameter with respect to autogenous deformations [3] . Besides this, the stress generation associating whit these deformations were investigated while under full restrained. In order to investigate these issues, tests are performed on similar cements produced by different mills and exhibiting different specific surfaces, viz. Blaine values. The paste deformations were measured with a newly developed mini-TSTM apparatus and compared with the full-scale TSTM results. The mini-TSTM is enabling the measurement of the hardening deformations and the hardening stress-generation directly from the hardening paste. Up till now, stress generation due to autogenous deformation has mainly been measured from full-scale concrete or paste specimens [3] . In this research an attempt is made to measure deformations for both cement paste and concrete and examine the differences. The paper provides an overview of the experimental results. From these cements in can be observed that the Blast furnace slag cements, although they possess the same identification, show significant variation in their fineness. The Blaine value of the Tirrento cement is almost 20% less than the same Blast furnace cement achieved from a production location in IJmuiden in The Netherlands. The particle size distributions of the cements have been measured as well and are presented in Figure 1 . 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada
TESTING PROGRAM
Tests are conducted in order to investigate the effect of the cement finenesses on the autogenous deformation of hardening paste for different water-cement ratios and measured with the mini-TSTM apparatus. For these experiments, a water-cement ratio commonly used for normal concrete is adopted, viz. 0.44, and these results are compared with the "lowest possible" water-cement ratio, without using super-plasticizers, viz. 0.35. For these tests, only the Blast furnace slag cement with the highest Blaine value (580 m 2 /kg) has been tested.
With the mini-TSTM apparatus, it is possible to select either fixed or free boundary conditions. The first condition provides the opportunity to measure the strain development during hardening of the paste and the second boundary condition is enabling the measurement of the hardening stresses. Therefore, for this research, the following boundary conditions have been imposed to the hardening paste:
Restrained deformations (x = 0); Free deformations (σ = 0). During testing, the top of the paste specimens have been covered by an aluminum foil in order to prevent drying (shrinkage). Excluding the effect of drying shrinkage from the measurement ensures to measure the autogenous shrinkage from the hardening paste. The tests are conducted in a temperature controlled room at 24 C. In figure 2 , the complete testing program that has been conducted within the scope of this research [1] has been provided. In this paper, not all results will be presented. 
TEST SETUP
The starting point for the design of the mini-TSTM test setup for measuring autogenous deformations of hardening paste is the mini tensile test setup that was already available at the Microlab (see Figure 3 ). It is a very small apparatus of which the total dimensions are smaller then half the size of an A4 page. A special feature of this particular tensile test setup is that it fits inside the ESEM climate chamber, so that tests can be conducted while scanning the actual deformations of the microstructure with the electron microscope.
One of the important objectives for the design of the mini-TSTM was the ability to measure deformation of hardening cement paste as well as to measure the stress development due to restrained deformations. To satisfy this objective, the "global" design of the full-scale TSTM set-up has been scaled down to comply with the scale of the mini tensile test setup. In order to achieve this, the concept had to be scaled down 20 times. This reduced the cross section of the dovetailed specimen from 150x150mm to 7.5 x 7.5 mm. Similar to the full-scale TSTM, the dovetailed outer ends of the specimen are required as well in order to be able fix the specimen while subjected to tension. This asked for a specially designed mould that should fit within the boundaries available inside the tensile setup. The overall drawing of the design can be seen in Figure 3 . The length of the test specimen is 70 mm. Because in this test setup the tensile setup and the TSTM concept are combined, the total setup is called the "mini-TSTM".
In order to make demoulding possible, the mould is made of separate assembling parts. The dovetailed contra parts of the mould at the outer ends of the specimen are made of stainless steel. This prevents them from corrosion and provides sufficient strength and stiffness to the system. In between the two dovetailed parts of the specimen the cement paste should be able the move freely, without any external restraint. Therefore, within the mini-TSTM lubricants are used to reduce friction to a minimum. Because of the small size of the apparatus, it turned out to be possible to fabricate parts of the mould as single units, made of Nylon. This is a synthetic material with low surface friction. The parts of the mould that form the sides of the prism and the bottom of the prism are made of this low friction material as well (see Figure 4 , left). 2nd While designing the mould, part of the challenge was to make it water tight on the one hand, but also allow deformations to develop and minimizing the external friction on the other. The middle part includes the bottom plate and the side plate, and has to be able to move freely from the other parts which are fixed to the parallel arms. This is achieved by using small "bridging" springs that press the bottom plate against the steel dovetail heads of the mould, and combined with Vaseline lubricant between the contact areas. The same Vaseline is also used to connect the other parts, so that there is sufficient flexibility in the connections that allow for the deformations of the cement paste specimen to develop.
Since no super-plasticizers were used in the paste, a special mixing tool has been adopted for the mixing of the paste. This procedure turned out to be not in fully agreement with the standard procedure for mixing cement pastes, explained in ASTM C305. Therefore, the procedure described in this standard is adjusted a little and mixing has proceeds as follows:
The cement and the water are weighed; The paste is pre-mixed with a wooden spoon; Mix the paste for 60 seconds using the improvised mixer (see Figure 5) ; Stop the mixer and scrape the walls and let the mix stand for 90 seconds; Finish by mixing for another 60 seconds.
Casting is done with a surgical syringe with a capacity of 50 ml (Figure 4 , right). The most important feature is the dimension of the mouth of the syringe. It has to be small enough to cast within the small dimensions of the setup, but large enough to ensure a homogenous mix. In this research a syringe with an opening of 4mm is used.
Because the specimen is cast inside the rather vulnerable limited space of the mini-TSTM apparatus, it was not possible to use a vibration table to remove the entrapped air from the specimen. Instead of that, a milk frother, where the head has been removed, was used as an alternative vibrating device (see Figure 5 , right). After vibration the freshly cast specimen, the redundant paste was removed and the specimen was sealed with an aluminum foil in order to prevent it from drying. 
RESULTS: PASTE MEASUREMENTS
The test results, representing the free deformation of the hardening paste, measured with the mini-TSTM are presented in Figure 6 . The tests are conducted on the four different types of cements as discussed before, and with a w/c-ratio of 0.35. The temperature turned out to range between 20 and 23˚C.
From the Figure, it can be seen that CEM I shows the largest deformation and, even more important, shows the highest rate of the development of the deformations. This was to be expected since the hydration proceeds faster in a fine Portland cement relative to the Blast furnace slag cement. The Portland cement shows a steep drop in the early beginning of the hydration process whereas the Blast furnace slag cement shows a slight tendency to swell. The development of shrinkage deformations of all the CEM III/B 42.5 cements proceeds much slower, and all show some expansion, followed by shrinkage. This can be expected because of the slower hydration in time. The expansion can be related to the big volume of the early reaction products formed during hydration. However the deformation of CEM III/B (580 m 2 /kg) is substantial, at 40 hours it is more than half of the deformation of Portland cement.
It can also be observed that CEM III/B (480 m 2 /kg) behaves roughly the same as CEM III/B (580 m 2 /kg), with the only difference that the development of the deformation is slower. The expansion in the very early stage of hardening is a little bigger and the shrinkage after 50 hours is substantially smaller. When considering these shrinkage results as a function of the degree of hydration, a good agreement between both these results would be very likely. The behavior of CEM III/B [380 m 2 /kg] does not correspond well with the results of the other two blast furnace slag cements. It is very likely that this is due to the fact that this cement is from a different production location in Italy and that this cement exhibits very different material characteristics.
In general, it must be stated that the results are only measured for a seven days period. From the results presented in Figure 6 , it can be observed that a longer measuring period would be desirable in order to achieve a better overview of the shrinkage differences. 
From the figure, it can be seen that the Portland cement CEM I cracks after 30 hours of hardening. This is in good agreement with literature results [3, 4, 5] . Although the specimens made of Blast furnace slag cements build up a substantial level of tensile stresses, they turned out not to crack with the deformations fully restrained. In comparison with the Portland cement specimen, the inclination of the stress development for the blast furnace slag cements is much slower, which can indicate a more moderate acceleration of the hydration process. The level of the stresses also suggests an influence of the stress relaxation. This has also been suggested before, by Lokhorst [5] . An influence of the stress relaxation in combination with the higher strength of the specimen al later ages might be the reason that the specimens made of blast furnace slag did not crack (see also [5] ).
It can also be observed that CEM III/B (480 m 2 /kg) shows almost the same stress development in comparison with the specimen made of CEM III/B (580 m 2 /kg). The only difference is the delayed stress build up due to the slower hydration, and, besides this, the stress after 72 hours is about 25% lower. Due to the expansion at early ages (see Figure 6 ), the Blast furnace slag cements show a slight level of compression at the very early beginning of hardening. For the IJmuiden cements, the compression is a bit bigger with a lower Blaine value. Interesting is to see that the stress development of the CEM III/B (480 m 2 /kg) is almost horizontally after 72 hours of hardening. This indicates that no additional stresses are built-up due to the autogenous deformations as presented in Figure 6 . Again the behavior of the Italian CEM III/B (380 m 2 /kg) does not coincide at all with the other blast furnace slag cements.
Finally, it should also be noted that the vertical drops in the lines in Figure 7 are probably due to the slipping of specimen inside the dovetailed claws.
RESULTS: PASTE VERSUS CONCRETE
In order to compare the shrinkage deformation measurements and the stress development of the mini-TSTM, tests are conducted with the TSTM as well. The results provide insight in the relationship between the internal restraint of concrete deformation (full-scale TSTM) and tests performed on pure pastes (with the mini-TSTM). The results for the autogenous shrinkage deformations (ADTM) are provided in Figure 8 and the associating stress development (TSTM) in Figure 9 . The tests are conducted on a concrete with a water-cement ratio of 0.44 under isothermal conditions at a temperature of 20˚C. The deformation measurements for the ADTM specimens were installed after ceasing of the dormant period. For these full-scale specimens this was after about 7.2 hours, whereas the paste deformation measurements with the mini-TSTM could start directly after casting.
The results from both test setups are compared for a cement type CEM III/B with a Blaine value of 580 m 2 /kg. In Figure 9 , results are provided for two independent ADTM 1 tests, a mini-TSTM testing results and a 10% results of the mini-TSTM test. This latter result has been included in the figure, since in general, it is adopted that the autogenous deformation of concrete is about 10 to 15% of the paste deformation [3] . This figure shows that this approach 1 Autogenous Deformation Testing Machine. Is commonly used as the dummy specimen for a TSTM test. does not lead to a good comparison between the concrete and paste deformations. The most striking difference is appearing at the early beginning of the hardening process, where the concrete shows a strong expansion and the paste does not show any deformation yet. The explanation for this difference in deformational behaviour, which is the result of adding the aggregates to the paste, is not investigated in more detail in this research project. The stresses that associate with the autogenous deformation of concrete measured with the TSTM and the autogenous deformation of the paste measured with the mini-TSTM are presented in Figure 9 . The results show a significant difference between both the stress development of the paste and concrete. The results show that at first, both specimens are in compression. After having reached its maximum compressive stress, the stress development of the paste is much more rapid in comparison with the stresses built-up by the concrete specimen. The different shrinkage behaviour can be attributed to the addition of aggregates to the concrete mixture, which allows for more internal redistribution of the stresses and most likely also for the microcracks that develop while under tension.
CONCLUSIONS
The results of the research presented in this paper are part of the MSc-thesis of Ms. G. Leegwater. The research was on the development of a tool to measure the autogenous deformations directly from the paste and on the ability to compare these results with deformation measurements measured directly from a concrete. The results of this research project clearly show the complexity of the interaction between paste and concrete shrinkage. The internal microstructure is significantly affected when aggregates are added to the mix. The mini-TSTM seems to be a valuable tool to measure the paste deformations with the potential to visualise the microstructural deformations with the ESEM. From the tests conducted within the experimental stage of this research project, it can be observed that a higher Blaine value leads to a larger shrinkage and a faster development of the shrinkage after three days. The test performed on Blast furnace slag cement with a Blaine value of 580m 2 /kg showed an autogenous deformation within the same order of magnitude as CEM I. The only difference was a more moderate development of these deformations. Most striking is the observation that the stresses in the Blast furnace slag specimen induced by autogenous deformation do not lead to cracking, while the Portland cement paste specimen did crack. A possible reason for this can be a different relaxation behavior of blast furnace slag cement in comparison with the Portland cement in combination with a slower hydration.
